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The active transport of Na' and K + across cell membranes is catalysed by the ubiquitous transport system known as the Na+,K+-pump. Historically, Dean [l] was the first to propose the name sodium pump for this physiological process, and in 1057 Skou discovered the enzyme, the Na+ ,K +-activated ATPase, soon shown to be identical to the transport system [2] . The structure and mechanism of Na+,K+-ATPase have been the subjects of study by many groups since then, and lately molecular biology and experiments on the physiological regulation of transport have added to our knowledge. Most of these aspects, including the history of active transport, are treated in the papers and overviews published as the proceedings of the fifth international conference in this field [ 31. Relevant references to other work discussed in this article can be found there [3] and in more recent extensive reviews by Glynn [4] , J~rrgensen & Andersen [5] and Skou [6] .
One of the unsolved problems in the field of ion transport is whether the functional system is monomeric or oligomeric [7] . The Na+,K+-pump has two different, closely associated subunits called a and / 3, and some researchers are energetic proponents of the theory, that an ap protomer can perform all the catalytic functions. Others seem convinced that an ( a/B),-diprotomer, with functional associations and interactions between the catalytic subunits, is the minimum requirement for coupling of transport and ATP hydrolysis [8, 91. This article gives a short review of some of the structural and functional information needed in the attempt to elucidate the monomeric/oligomeric nature of Na+ ,K+-transport. In addition, some recent studies on ligand binding and radiation inactivation, that may throw new light on this problem, are described in brief.
Subunits of Na+,K+-ATl'use
Molecular mass; stoichiometry. The transport system is composed of two subunits, both of which are expressed in isoforms. The a-subunit, which seems to bear all the catalytic sites, has a molecular mass close to 112 kDa. The B- sequences, which show a considerable interspecies homology, it has been deduced that the a-subunit has seven or more membrane spanning helices of 20-28 amino acids each. It is agreed that the extramembranous aspects of the a-subunit are dominated by a 'cytoplasmic loop' comprising the amino acid residues 343-783 (approximate numbers, counting from the N-terminal). This large segment spans from the end of transmembrane segment M4 to the beginning of M5 and corresponds to 40-45'/0 of the molecule. There is, however, considerable uncertainty about the disposition of the subunits in the membrane. For instance, according to sequence analysis about 15% of the protein mass should be in the membranous phase, but from measurements on two-dimensional crystals of the molecule, as much as 42% of its volume is associated with the lipid bilayer [ 201. Perhaps this discrepancy reflects that 'extramembranous' peptide segments with few hydrophobic residues are folded or packed into the membrane between the usually accepted transmembrane helices [2 11 .
Solubilization of the system. Na+,K+-ATPase can be 'solubilized' as a complex with detergent, for example, octaethylene glycol dodecyl monoether (C,*Ex), as described in the reviews by J~rrgensen [ 111 and Esmann [22, 231 . When a relatively low detergent/protein ratio is employed, the result is an active, stable dimer of the a@-protomer. At higher ratios, the aa-protomers (often called 'monomers') are dominating [15, [24] [25] [26] . A general observation is that the full Na+ ,K 
Role of the B-subunir
The /%subunit is an integral, non-covalently associated component of the Na+,K+-pump, but whether it has a role in the enzymic and transport function is doubtful. Several studies indicate that the glycosyl residues on the B-subunit are of no importance at all for the catalytic activity of the system. Lee & Fortes [20] and Chin [30] showed that simultaneous treatment of membrane-bound Na + ,K + -ATPase with neuraminidase and galactosidase and subsequent reduction with NaBH, selectively modified the B-subunit without any effect on Na+,K+-ATPase activity at all. Using the techniques of molecular biology, Takeda et [30] , who showed that the papain digestion pattern of the P-subunit, contrary to that of the asubunit, was unaffected by the presence of Na+ or K +. There is also compelling evidence from experiments where hybrids of a-subunits from one tissue and @-subunits from another were expressed in the same cell, that sensitivity to the specific inhibitor ouabain is determined solely by the a-subunit (e.g. [ 19, 331) . Taken together these observations show that the involvement, if any, of the B-subunit in catalysis and transport is at most non-specific.
Associations of a -sirburlits A TI', ADI' urid ouuhuiri-hindirig studies. One of the premises for the following discussion is that there is one high-affinity site for ouabain and one for ATP (ADP) per a-subunit. This has been shown by Jensen & Ottolenghi [28] , among others, and is in accordance with the fact that soluble a/p-protomers have catalytic activity, albeit unstable.
In the presence of Na+, binding isotherms for ATP and ADP in a Scatchard plot are strictly linear, compatible with the existence of identical and independent, high-affinity sites for the substrate. In contrast, when Na+ is substituted with K', the isotherms are diagnostic of site-heterogeneity or negative co-operativity 1341. The opposite response to the cations is seen for ouabain binding [34, 35] . When Ottolenghi & Jensen (341 explored these phenomena further by studying ADP binding to Na+ ,K +-ATPase partially inhibited with ouabain, they found strong indication that the apparent negative co-operativity can only be due to a-a interaction. In a subsequent study they could accordingly show that solubilization abolished the negative co-operativity, although the ADP-affinity in the presence of Na+ was unchanged [28] .
Thus the picture that emerges at this point is that, in the membrane, a diprotomeric ( a/3)z structure is responsible for the K + -induced interaction between two substrate sites and for the Na + -induced interaction between ouabain sites. However, in the same studies, Ottolenghi & Jensen [34] showed that there was always a strict proportionality between ouabain site occupancy and inhibition of enzyme activity irrespective of whether ouabain was bound to the enzyme in a random or a nonrandom fashion. This indicated that even if the a-subunits in an ( dimer seemed to interact under certain substrate-binding conditions, each a/3 protomer in this assembly had the same molar Na+,K+-ATPase activity. If one a/l protomer was inhibited by ouabain, the activity of the diprotomer was decreased by exactly 50%.
Radiation inactivation of Na+,K+ -A Tl'use. In a recent study we have employed the method of radiation inactivation followed by target size analysis to characterize the structural and functional assembly of Na+,K+-ATPase in sifu [36] . Using our own standard curve for conversion of the decay constant to molecular mass, we could demonstrate a radiation inactivation size (RIS) of the a-peptide, of binding capacity for nucleotide and vanadate with unchanged affinity and of K-pNPPase activity, which was equal to the mass of one a-peptide, i.e. 1 12 kDa. In unpublished experiments we have found that the same is true for ouabain binding (J. G. Nsrby & J. Jensen). The total binding capacity for the ligands had a lower RIS equal to about 70 kDa, indicating that some of the species formed during inactivation had retained binding sites, albeit with a lower affinity than normal. However, when Na+-ATPase activity and Na+,K+-ATPase activity was measured, RIS values larger than m(a), but smaller than 2 x m ( a ) were obtained, i.e. from about 140 to 190 kDa.
These results mean that: ( a ) there is no transfer of 'bondbreaking energy' from / 3 to a or between a subunits; (6) the a-peptide is stepwise destroyed during irradiation and ( c ) a structure larger than a is needed for the full catalytic cycle of Na+,K+-ATPase. Our interpretation of these data, which will be discussed elsewhere (J. G. Nrarby & J. Jensen, unpublished work), are visualized in Fig. 1 and summarized below.
Conclusiori
The decay of Na+,K +-ATPase activity mediated by irradiation under rigorously controlled circumstances can be simulated by the model in Fig. I if one assumes that the 112 kDa peptides in ( I 1 2/112) and (70/112) have full catalytic activity. When this and the information discussed above are The rationale behind this model is the observation of RlS (decay constants) smaller than, equal to and larger than that corresponding to the mass of an a-peptide, 112 kDa. The numbers 112, 70, and 42 symbolize RlS of about 112, 70, and 42 kDa, respectively. ( 1 12/112), (70/112), (42/70), etc. signifies dimeric arrangements, and (0/70) means that one of the monomers is functionally completely destroyed. The native enzyme preparation contains only (1 12/112), and this assembly is progressively destroyed during the irradiation with the decay constants k,, 2 x k,, k, and 2 x k,. Using our standard curve (Fig. 5 in [36] ) the 'ideal' values would be k , = 4 2 x 1.48x 10-3=0.062 Mrad-I, and k,=70X 1 . 4 8~ 10-3=0.104Mrad-'. taken into consideration, we arrive at the following conclusion. The Psubunit is not involved in catalytic activity. The a-monomers can perform full catalytic cycles, and then probably also active transport, provided they are stabilized by an adjacent a-peptide or a sufficiently large fragment thereof.
The plasma membrane calcium pump: structure, function and regulation The Ca2+ pump of the plasma membrane is present in all eukaryotic plasma membranes studied thus far. It is an ATPase of the P-type [ 1, 21, the essential properties of which are summarized in Table 1 . Of particular interest is the stimulation by calmodulin [3, 41, which increases the affinity of the pump for Ca*+, lowering its K , from 10-20 to about 0.5 ,UM. The interaction of calmodulin has been exploited to isolate the ATPase, using calmodulin affinity chromatography columns [5]. The purified enzyme has an M , of about 138 000 on SDS/polyacrylamide-gel electrophoresis, and appears to be functionally competent 161, i.e. it can be reconstituted into liposomes with optimal Ca2+ transporting efficiency.
Work in this laboratory aimed at establishing the primary structure of the pump has been preceded by extensive proteolytic work on the purified erythrocyte enzyme [7, 81, which has led to the proposal of a model for the architecture of the ATPase in the membrane in which the calmodulinbinding domain of the molecule is located near its Cterminus, in a domain having an M , of about 9000. 
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The sequence shows similarity to the putative calmodulinbinding domains of a number of calmodulin-modulated proteins. Most prominent is the abundance of positively charged amino acids, the presence of a tryptophan in the Nterminal portion of the domain, and the propensity of the domain to form an amphiphilic helix.
As mentioned above, proteolysis work in this laboratory had suggested a C-terminal location for the calmodulin-binding domain of the pump. Confirmation of this suggestion has now come from the determination of the primary structure of the rat brain [ 1 13 and the human teratoma cells' [ 121 plasma membrane Ca2+ pump. The work on the sequencing of the human enzyme will be summarized here [ 131. Sequenced tryptic fragments from the purified erythrocyte Ca2 + pump were used to synthesize suitable oligonucleotide probes to screen a human teratoma Agt 10 cDNA library (kindly donated by Drs Maxine Singer and Jacek Skowronski of the National Cancer Institute, Bethesda, MD, U.S.A.). The initial screening yielded a positive clone which hybridized to both probes and contained two stretches that matched the oligo-
